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ABSTRACT
It is not clear whether gamma-ray bursts (GRBs) are unbiased tracers of cosmic star formation at
z > 2. Since dusty starburst galaxies are significant contributors to the cosmic star formation at these
redshifts, they should form a major part of the GRB host population. However, recent studies at
z ≤ 2 have shown that the majority of the star formation activity in GRB hosts is not obscured by
dust. Here, we investigate the galaxy-scale dust obscuration in z ∼ 2 − 3.5 GRB hosts pre-selected
to have high-resolution, high signal-to-noise afterglow spectra in the rest-frame ultraviolet (UV) and
thus relatively low line-of-sight dust obscuration. We present new deep VLA observations of four GRB
hosts, and compare the radio-based (upper limits on the) “total” star formation rates (SFRs) to the
“unobscured” SFRs derived from fits to the optical-UV spectral energy distribution. The fraction of
the total SFR that is obscured by dust in these galaxies is found to be < 90% in general, and . 50%
for GRB 021004 and GRB 080810 in particular. These observations suggest that z ∼ 2 − 3.5 GRBs
with UV-unobscured sightlines originate in star-forming galaxies with low overall dust obscuration.
By combining our results with previous studies on dark GRBs at z > 2, we conclude that GRB hosts
do not trace the more highly dust obscured portion of the starburst population at z > 2.
Keywords: galaxies: evolution, high-redshift, star formation — ISM: dust, extinction
1. INTRODUCTION
Long gamma-ray bursts (GRBs) are bright bursts
of gamma-rays followed by extremely luminous multi-
wavelength afterglow, from the X-rays to the radio wave-
lengths. They have been shown to be associated with
the collapse of massive stars (Hjorth et al. 2003; Stanek
et al. 2003). GRBs have been observed across the cosmic
history, from z ∼ 0.01 to z ∼ 8.2 (Tanvir et al. 2009; Sal-
vaterra et al. 2009; Fynbo et al. 2000). These attributes
make them a viable probe for tracing the star-formation
history of the universe, especially at z > 2 where other
probes are scarce.
However, the exact relation between GRB rates and
cosmic star formation rate (SFR) is still an unsolved
problem (Greiner et al. 2015; Schulze et al. 2015; Perley
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et al. 2016a,b). Various observations of z < 1.5 GRB
hosts have raised questions on whether GRBs can be
used as unbiased tracers of star formation (Boissier et al.
2013; Perley et al. 2013; Vergani et al. 2015; Schulze
et al. 2015; Perley et al. 2016b). Particularly, GRB
hosts at z < 1 show a strong bias towards faint, low-
mass (M∗ < 1010 M), star-forming galaxies and lower
metallicities (below solar metallicity) compared to other
star-formation tracers, even after taking into account
GRBs with high line-of-sight dust obscuration (Graham
& Fruchter 2013; Perley et al. 2013; Kelly et al. 2014;
Vergani et al. 2015; Japelj et al. 2016; Perley et al.
2016b). However, this bias appears to subside at z > 2
(Greiner et al. 2015) since the mean metallicity of typ-
ical star-forming galaxies is below solar. A significant
amount of star formation at these redshifts happens
in dusty massive starbursts (submm-bright; see Casey
et al. (2014) for a review). Thus, high-mass, (relatively)
metal-rich, dusty galaxies with high star formation rates
may form a significant fraction of the GRB host popu-
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lation at z > 2 (Perley et al. 2013; Greiner et al. 2016;
Perley et al. 2016b). To understand whether GRBs truly
trace star formation at z > 2, it is important to measure
the total SFR (i.e. dust-obscured + dust-unobscured).
Radio observations provide a probe of recent total star
formation rate. In star-forming galaxies, the radio lumi-
nosity at frequencies below a few × 10 GHz is dominated
by the synchrotron emission from relativistic electrons,
previously accelerated by supernova remnants, propa-
gating in the interstellar magnetic field (Condon 1992).
The relativistic electrons probably have lifetimes ≤ 100
Myr, thus this component traces recent (< 100 Myr)
star formation.
There are about 100 GRB host observations at ra-
dio frequencies down to limits between 3− 500 µJy (see
Greiner et al. (2016) for details). So far, there have
been 19 cm-wave observations of GRB hosts at z > 2,
out of which two were detections: GRB 080207A and
GRB 090404 (Greiner et al. 2016; Perley et al. 2013,
2015, 2016d). However, none of these high-z GRBs have
high-resolution, high-SNR afterglow spectra.
GRBs with high-resolution afterglow spectra can be
excellent test cases for examining the biases in GRB
host population at high-z since a measure of the host
metallicity may be derived from these spectra to help
characterize the galaxy population traced by GRBs at
z > 2. The availability of a high-resolution rest-frame
UV spectrum of the GRB afterglow implies that the rest-
frame UV is largely unobscured (AUV . 2-3 mag). The
radio observations of these GRB hosts may be used to
find out whether this lack of obscuration is simply due
to a clear line-of-sight or due to an overall lack of dust
obscuration in the host galaxy. Dusty sightlines do not
necessarily imply dusty host galaxies. This needs to be
tested, especially in light of past cm-wave observations
of Hatsukade et al. (2012) and Perley et al. (2013), where
the deep upper limits on the radio flux from the galaxy
hosts of so-called ‘dark GRBs’ (i.e. UV-dark afterglow
due to high line-of-sight extinction) imply that the dark
GRBs do not always occur in galaxies enshrouded by
dust or in galaxies exhibiting extreme star formation
rates (few × 100 − 1000 Myr−1).
New radio-based SFR constraints are particularly
needed for massive (M∗ & 1010M) GRB hosts at z > 2
since the massive star-forming galaxies at high-z are
likely to be significantly dusty (Casey et al. 2014; Shap-
ley 2011). One of our objectives is therefore to under-
stand whether massive GRB hosts at z > 2 share this
characteristic of typical massive star-forming galaxies
at z > 2.
This pre-selection of z > 2 GRB hosts based on
high-resolution afterglow spectra is also useful to in-
form the total SFR of the GRB hosts in the CGM-
GRB sample (Gatkine et al. 2019), particularly for the
massive GRB hosts which are likely to have a substan-
tial dust-obscured star formation component. The high-
resolution spectra quantitatively trace the kinematics of
the circumgalactic and interstellar media of the host.
The total star formation (obscured + unobscured) is a
major driver of galactic outflows that feed the circum-
galactic medium (CGM). Therefore, constraining the to-
tal SFR is necessary for studying the CGM-galaxy con-
nection.
In this paper, we report deep, late-time radio obser-
vations of four z > 2 GRB hosts with existing high-
resolution afterglow spectra. The sample includes GRB
080810 which is the highest-redshift GRB host yet (z =
3.35) with deep radio observations. These results were
obtained using Karl Jansky Very Large Array (VLA) in
C-band (4 − 8 GHz). Section 2 describes the target se-
lection, VLA observations, and analysis. In section 3,
we derive the constraints on the radio-based SFRs and
discuss the obscured fraction of the SFR in each GRB
host individually. The implications of these results for
dust obscuration in GRB hosts are discussed in Section
4 and the key conclusions are summarized in Section 5.
2. SAMPLE AND OBSERVATIONS
2.1. Sample Selection
The CGM-GRB sample is a sample of 27 z > 2 GRBs
with high-resolution (resolving power R > 6000) and
high signal-to-noise ratio (median SNR ∼ 10) afterglow
spectra (Gatkine et al. 2019). None of these GRBs have
previously reported late-time radio observations. A sub-
set of these objects is selected by imposing various cri-
teria. Only GRBs that occurred at least six years ago
are considered to ensure that the radio flux contribu-
tion from the afterglow is minimal (Perley et al. 2015).
From the remaining 17, only GRB hosts with existing
M? measurements and M? > 10
9.5 M are selected since
their UV-based SFR is expected to be most affected by
dust obscuration. This resulted in a set of four GRB
hosts: GRB 021004, GRB 080310, GRB 080810, and
GRB 121024A. Further, the VLA observations of GRB
080810 reported here (at z = 3.35) make it the the
highest-redshift GRB with a late-time radio observation
of the host. Table 1 summarizes the sample and its key
properties.
2.2. VLA Observations
We performed the radio observations using the fully
upgraded Karl G. Jansky Very Large array (VLA) us-
ing C-band receivers spanning 4 − 8 GHz and with a
central frequency of 6 GHz. We used 3-bit samplers to
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Table 1. Summary of the VLA observations
GRBa z R.A. Dec. Date
tint
(min)
Total tint
(min)
3σ Limit
(µJy)
Beam size
(′′)
Flux/
bandpass
Complex
gain
021004 2.323 00:26:54.68 +18:55:41.6
2018 Dec 16
2018 Dec 18
120.5
150
270.5 3.0 3.7 × 4.5 3C48 J0010+1724
080310 2.427 14:40:13.80 −00:10:30.7
2018 Dec 04
2018 Dec 11
2018 Dec 15
2018 Dec 18
2018 Dec 24
90
66
90
90
66
402 6 3.2 × 4.0 3C286 J1445+0958
080810 3.35 23:47:10.49 +00:19:11.5
2018 Dec 09
2018 Dec 22
2019 Jan 05
2019 Jan 10
71
135
71
66
343 3.8 3.7 × 4.9 3C48 J2323-0317
121024A 2.298 04:41:53.30 −12:17:26.6 2018 Dec 17 123 123 18 3.9 × 5.6 3C138 J0437-1844
aAll the observations were performed in the C-band (4− 8 GHz) in C array configuration of the VLA
utilize the entire 4096 MHz bandwidth of the C band to
maximize the continuum sensitivity. The dual polariza-
tion setup was used. The observations were conducted
in the C array configuration during the months of De-
cember 2018 to January 2019 (program VLA 18B-312,
PI: Gatkine). The integration time for each GRB host
is listed in Table 1 (typical ∼ 4.5 hours). A nearby com-
plex gain (amplitude and phase) calibrator was observed
every 30 − 40 minutes during any scheduling block and
a standard flux calibrator was observed every hour. The
3-σ rms and the synthesized beam size for each source
are listed in Table 1.
The data reduction was carried out using the Com-
mon Astronomy Software Applications package (CASA)
version 5.5.0. The standard CASA pipeline was used to
flag and calibrate the observations. Imaging and decon-
volution was performed using the tclean function in
CASA. Natural weighting was employed while cleaning
the measurement sets to maximize the continuum sen-
sitivity. In the case of GRB 121024A, additional flag-
ging was performed to clip the outlier visibilities and
channels heavily affected with radio frequency interfer-
ence. Further, self-calibration was performed to clean
the image around a bright source at a separation of 6′, a
robust weighting was employed, and a multi-term multi-
frequency synthesis (mtmfs, with 2 terms) deconvolver
was used to account for spectral index gradient in the
much brighter contaminating source.
The synthesized beam size for C-configuration obser-
vations is significantly coarser (beam size ∼ 4′′) than
the angular extent of the galaxy (1 kpc translates to ∼
0.1′′ at z ∼ 2.5). Therefore, the host galaxies are un-
resolved and can be treated as point sources here. The
1σ flux-density level was derived by sampling a blank
region spanning ∼100 × synthesized beam area around
the target.
The maps for GRB 021004 and GRB 080810 have rms
sensitivities close to that predicted by the VLA noise cal-
culator. However, GRB 121024A and GRB 080310 had
particularly bright sources near the half-power response
of the primary beam. At this location in the primary
beam, the amplitude response is variable owing to an-
tenna pointing errors, which result in amplitude gain er-
rors in the visibilities that are a function of field position
in addition to antenna, frequency, and time. Standard
self-calibration does not work well if there are position-
dependent errors; antenna pointing errors limited the
dynamic range of the maps for GRB 080310 and espe-
cially GRB 121024A, and consequently our sensitivity
for these objects.
3. RADIO- AND UV-BASED SFR
3.1. Radio-based SFR
As described in Section 1, the radio continuum at
frequencies below a few × 10 GHz traces the total (i.e.
dust-obscured + dust-unobscured) star formation activ-
ity in the last 100 Myr (Condon 1992). The radio-far-IR
relation for star-forming galaxies which quantifies the
radio-SFR relation is shown to hold true at interme-
diate and high redshifts (Sargent et al. 2010). On the
other hand, the UV/optical light (including the emission
lines) primarily probes the portion of the SFR that is
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Figure 1. Contour maps of the radio flux density in 30′′ × 30′′ fields centered on the four GRBs of our sample. The location of the
GRB and 2′′ error circle are marked as red crosses and black circles, respectively. The synthesized beam is shown in the bottom left corner.
The contours are marked as -12, -6, -3, -1.5, 1.5, 3, 6, 12 ×σ with negative values marked as dotted contours. None of the GRB hosts are
detected at the 3σ level.
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Figure 2. Curves showing the radio flux density averaged over
4−8 GHz for various star formation rates (M/yr) over a redshift
range z ∼ 0 − 4 using a spectral index of α = 0.7. The 3σ upper
limits of various GRBs are shown with downward triangles. The
horizontal dotted lines are drawn to guide the eye.
not significantly obscured by dust (i.e. dust-unobscured
SFR) even with dust attenuation included in the mod-
eling (see the example of GRB 100621A in Stanway
et al. 2014). Thus, a significant discrepancy between
the UV-based and radio-based SFR measures would im-
ply the presence of substantial dust obscuration within
the galaxy. In the discussion below, we use the following
naming system:
SFRtotal: Radio-based total SFR
SFRunobscured: UV-based unobscured SFR,
SFRobscured: the portion of SFR that is obscured due to
the dust (= SFRtotal − SFRunobscured).
Here, we observe the GRB hosts in C-band (4−8 GHz)
at z ∼ 2 − 3.5, thus we are sensitive to νrest = 25 ± 10
GHz. The rest-frame radio luminosity is produced by
three mechanisms: non-thermal synchrotron emission
(1), free-free emission (2), and thermal emission from
dust (3), as shown in Yun & Carilli (2002). The thermal
dust component is insignificant (< 1%) at the frequen-
cies of interest. The radio-SFR relation for star-forming
galaxies (Yun & Carilli 2002) is thus given by:
S(νobs) =
(
1 + 2 + 3
)
× (1 + z)SFR
D2L
(1)
where,
1 = 25fnthν
−α
0
2 = 0.71ν
−0.1
0
3 = 1.3× 10−6 ν
3
0 [1−e−(ν0/2000)
β
]
e0.048ν0/Td−1
.
Here, the symbols 1, 2, and 3 represent the con-
tributions from non-thermal synchrotron, free-free, and
dust thermal emission respectively. DL is luminosity
distance in Mpc, SFR is star formation rate in Myr−1,
ν0 is rest-frame frequency in GHz, fnth is the scaling fac-
tor, α is the synchrotron spectral index, Td is the dust
temperature in K, and β is the dust emissivity. For the
typical values of Td (∼ 60 K) and β (1.35), the dust emis-
sion is insignificant for νrest ∼ 25 GHz. hence, we neglect
this term. The non-thermal synchrotron emission is the
most dominant contributor in the given frequency range.
Since we do not have a robust measurement of the ac-
tual spectral index for any of our objects, we assume
a canonical average value of α = −0.7. Past literature
has used values ranging from −0.6 to −0.75 (Hatsukade
et al. 2012; Perley et al. 2013, 2015; Stanway et al. 2014;
Greiner et al. 2016). This range of α affects the radio
luminosity by 25%. This equation assumes a Salpeter
initial mass function (IMF). Due to various assumptions
in the calibration of radio-based SFRs, it is subject to a
systematic uncertainty of about a factor of ∼2 (Yun &
Carilli 2002; Bell 2003; Murphy et al. 2011).
Figure 2 shows the observed flux densities averaged
over 4 − 8 GHz for various star formation rates as a
function of redshift and the respective 3σ upper limits
of our targets. The UV- and radio-derived SFRs for
our four targets are summarized in Table 2 along with
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the stellar masses and ratios of radio-based (total) and
UV-based (dust-unobscured) SFRs.
3.2. Late-time afterglow emission
The GRBs have long-lived radio afterglows. There-
fore, any estimates of SFR using the radio emission can
only be made after the afterglow has faded considerably
to ensure minimal/no contamination due to the after-
glow. We compiled the past early-time radio observa-
tions of the afterglows of our target GRBs available in
the literature and extrapolated the afterglow decay us-
ing a canonical long GRB radio light curve model (for-
ward shock model) with a t−1 decay (Chandra & Frail
2012) as follows:
f(t) =
Fmt
−1/2
m t1/2, if t < tm.
Fmt
−1, if t > tm .
(2)
Here, Fm is the peak flux density at a given frequency
and tm is the time of the peak in that frequency. For this
extrapolation, we used a conservative approach. We use
the latest flux density measurement in C-band (if avail-
able) as the peak flux density. If it is not available (eg:
GRB 121024A), we extrapolate the flux density using
the standard GRB radio afterglow model described in
Chandra & Frail (2012). The typical values of tm range
between rest-frame 3 and 6 days at a rest-frame fre-
quency of ∼ 25 GHz (which we probe since our targets
are at z ∼ 2−3.5). We translate this tm to the observer
frame for each GRB and plot the radio afterglow evolu-
tion in Figure 3. The three lines show the decay with tm
= 3, 4.5, and 6 days (in the rest frame). No early-time
radio observations are available for GRB 080310. The
conservative approach used here gives the upper limit of
radio flux density due to the afterglow and further shows
that the late-time radio fluxes for our observations are
dominated by the host galaxy and are not likely to be
contaminated by the afterglow.
3.3. SFR in each GRB host
We summarize the UV-derived and radio-derived
SFRs for the four GRBs in the following subsections.
Using the VLA observations, we obtain an estimate of
the total SFR (SFRtotal), independent of assumptions
on the dust extinction (in the line of sight or otherwise).
We also compare the observed ratio SFRtotal/SFRunobscured
for our GRB hosts with the same ratio for star-forming
galaxies with a similar stellar mass at a redshift range
z ∼ 2 − 2.5, as derived from the CANDELS survey
(Whitaker et al. 2017) and summarize this in Figure 4.
3.3.1. GRB 021004
GRB 021004 is one of the best studied GRBs from the
gamma-rays to radio wavelengths. The optical afterglow
was detected 3.2 minutes after the prompt high-energy
emission and was followed up extensively (Fynbo et al.
2005). The extremely blue host galaxy of GRB 021004
was identified and studied through late-time imaging in
the rest-frame UV and optical bands. HST ACS imag-
ing in the F606W band revealed that the host galaxy has
a very compact core with a half-light radius of only 0.4
kpc (at z = 2.323). The impact parameter of the after-
glow position is only 0.015′′, corresponding to a distance
of 119 pc, which is one of the smallest for long GRBs
(Fynbo et al. 2005; Blanchard et al. 2016). The line-of-
sight extinction AV is 0.20 ± 0.02 mag. (using the SMC
extinction law) as derived after 1 week of afterglow decay
(Fynbo et al. 2005). The Lyα-derived neutral hydrogen
column density (NHI) along the line of sight is modest
(∼ 1019 cm−2; Prochaska et al. 2008b).
Castro-Tirado et al. (2010) derived the host SFR of
40 Myr−1 (without any dust correction) by attribut-
ing all of the Hα emission to star formation. Given the
small AV , the dust correction was assumed to be mini-
mal from the afterglow SED. On the other hand, Jakob-
sson et al. (2005) have estimated a lower limit of SFR as
10.6 Myr−1 by converting the Lyα flux to SFR (Ken-
nicutt 1998) and assuming a 100% Lyα escape fraction.
We derive a 3σ upper limit on the C-band flux den-
sity of 3.0 µJy, corresponding to a radio SFR limit of
85 Myr−1 at z ∼ 2.323. This result is consistent
with the low AV derived from the optical-NIR SED
and therefore suggests that the host galaxy as a whole
is not significantly affected by dust. This observation
identifies a galaxy that is able to sustain a SFR of ∼
40 Myr−1 at z ∼ 2.3 without significant dust obscu-
ration. Using the non-extinction-corrected Hα emis-
sion, we get SFRunobscured = 40 Myr−1, so the ratio
SFRtotal/SFRunobscured is < 2.1 for this M∗ > 1010M
galaxy. In contrast, the corresponding ratio derived for
the main sequence of star-forming galaxies at z ∼ 2.5
from Whitaker et al. (2017) is ∼ 6.
Given the small impact parameter of the afterglow
(119 pc) from the centroid of the galaxy, the apparent
lack of significant dust extinction along the line of sight
to the GRB, and in the host galaxy as a whole from the
radio observations, is puzzling.
3.3.2. GRB 080310
The afterglow of GRB 080310 was detected 1.5 min-
utes after the prompt high-energy emission and was fol-
lowed up extensively (see Littlejohns et al. 2012, for
a full discussion). The redshift of this GRB is 2.427
(Prochaska et al. 2008a; Vreeswijk et al. 2008). Perley
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Figure 3. Radio evolution of the afterglows of GRB 021004, GRB 080810, and GRB 121024A, extrapolated using the canonical afterglow
evolution model described in Section 3.1.
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Figure 4. The SFR − M? relation decomposed into total
(black star), obscured (red circle), and unobscured components
(blue triangle) of the star formation rate for the galaxies in the
CANDELS survey at z ∼ 2−2.5 (Whitaker et al. 2017). The gray
band corresponds to the typical 0.3 dex width of the observed
relation. Individual GRBs in our sample are shown in various
colors with their UV-derived SFR (tracing the dust-unobscured
SFR) and the radio-derived SFR (tracing the total SFR).
et al. (2008) estimated a low line-of-sight extinction AV
of 0.10 ± 0.05 mag. using an SMC-like extinction law
(at an average time of t0 + 1750 s). The line-of-sight
NHI is modest (∼ 1018.8 cm−2).
The late-time host galaxy imaging using the Low Res-
olution Imaging Spectrometer (LRIS) on the Keck-I
telescope yielded a non-detection with a g-band lim-
iting magnitude of 27.0 (Perley et al. 2009). We es-
timate a SFR upper limit of 4.5 Myr−1 using the
UV luminosity-SFR relation for GRB host galaxies de-
scribed in Savaglio et al. (2009). Perley et al. (2016b)
estimated log(M∗/M) = 9.8 ± 0.1 using Spitzer 3.6 µm
imaging. However, we caution the reader of the possibil-
ity that the Spitzer 3.6 µm flux is contaminated by the
diffraction spike from a nearby star despite careful mod-
eling and subtraction of the spike (Perley et al. 2016b).
The VLA observations constrain the SFR to less than
180 Myr−1 (3-σ upper limit). However, this limit is
not sufficiently deep to constrain the dust obscuration
in the host galaxy of GRB 080310.
3.3.3. GRB 080810
This is the highest-redshift GRB in our sample at
z = 3.35. The afterglow of GRB 080810 was detected
80 seconds after the prompt emission by the X-ray tele-
scope (XRT; Burrows et al. (2005)) and UV-optical
telescope (UVOT; Roming et al. (2005)) on board the
Neil Gehrels Swift Observatory (Gehrels et al. 2004).
Prochaska et al. (2008a) obtained the optical spectra of
the afterglow using the Keck HIRES spectrograph start-
ing 37 minutes after the trigger and derived a redshift
of 3.35. The Lyα-derived line-of-sight NHI is small (∼
1017.5 cm−2). We refer the readers to Page et al. (2009)
for a discussion of the extensive multi-wavelength follow-
up of this GRB.
Extensive late-time ground-based photometry and
spectroscopy of the host galaxy of GRB 080810 re-
vealed an extended structure with a bright compact
region (see Wiseman et al. 2017, for more details). Fur-
ther, a strong detection of redshifted Lyα emission at a
redshift of 3.36 confirmed the association of the GRB
and the detected host galaxy (Wiseman et al. 2017).
They estimate a modest host extinction of AV ∼ 0.4
mag. from SED fitting. Greiner et al. (2015) convert
the extinction-corrected UV luminosity to SFR (using
the LUV − SFR relation in Duncan et al. (2014) and
A1600 ∼ 1.3 mag.) to obtain SFR ∼ 100 Myr−1, which
is further corroborated by SED fitting (Wiseman et al.
2017). The uncorrected SFR is ∼ 30 Myr−1. The stel-
lar mass, derived from the Spitzer 3.6 µm photometry,
is log(M∗/M) = 10.2 ± 0.1 (Perley et al. 2016c).
Here we report the first ever deep late-time radio ob-
servation of a GRB with a spectroscopic redshift z > 3.1.
We derive a 3-σ upper limit on the C-band flux density of
3.8 µJy, corresponding to a radio-based SFR upper limit
of 235 M yr−1 at z ∼ 3.35. The dust-corrected SFR
from the UV SED is therefore consistent with the to-
tal SFR limit derived from the radio observations. This
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further implies that the modest AV estimated from the
UV SED fitting reasonably takes into account the dust
correction.
Using the uncorrected UV SFR, we derive a ratio
SFRtotal/SFRunobscured < 7 for this M∗ > 1010 M
galaxy. This is consistent with the corresponding ratio
derived for the main sequence of star-forming galaxies
at z ∼ 2− 2.5 from Whitaker et al. (2017), which again
gives SFRtotal/SFRunobscured ∼ 6. However, if the dust-
corrected UV SFR (∼ 102 Myr−1) is used instead, we
get SFRradio/SFRUV,corr < 2.3. Here, we extrapolate
the non-evolution of this ratio from z ∼ 2.5 to 3.3 for
the star-forming galaxies on the main sequence at a
given M∗, as presented in Whitaker et al. (2017).
3.3.4. GRB 121024A
The afterglow of GRB 121024A was followed up 93
seconds after the prompt emission by the X-ray tele-
scope (XRT; Burrows et al. (2005)) on board the Neil
Gehrels Swift Observatory (Gehrels et al. 2004). Tan-
vir et al. (2012) obtained the optical/NIR spectra of
the afterglow using the X-shooter spectrograph on the
Very Large Telescope (VLT) and determined a redshift
of 2.298. The line-of-sight NHI of 10
21.5 cm−2 indicates
that this is a damped Lyα system. We refer the read-
ers to Friis et al. (2015) for a detailed summary of the
extensive multi-wavelength follow-up of this GRB.
Various emission lines including Hα, Hβ, [O II]
λλ3727, 3729 doublet, [N II] λ6583, and [O III] λλ4959,
5007 were detected in the X-shooter NIR spectrum of
the afterglow. Extensive optical and NIR photometry
of the host galaxy was obtained using VLT/HAWK-
I, NOT, and GTC (see Friis et al. 2015, for details).
The stellar population synthesis modelling of the host
yielded a modest extinction AV of 0.15 ± 0.15 mag. and
log(M∗/M) = 9.9+0.2−0.3.
Friis et al. (2015) estimate the SFR from the
extinction-corrected Hα and [O II] fluxes as 42 ± 11
and 53 ± 15 M yr−1 using conversion factors from
Kennicutt (1998). However, note that the extinction
correction to the SFR is small (∼ 15%). They further
corroborate this SFR by stellar population synthesis
modelling.
The 3-σ upper limit on the C-band flux density of
GRB 121024A is 18 µJy. The relatively higher back-
ground is due to a bright source at 6′ angular separa-
tion. Using the VLA observations, we obtain a 3-σ up-
per limit of the total SFR as 500 Myr−1. However, this
limit is not sufficiently deep to constrain the dust obscu-
ration in the host galaxy of GRB 121024A. The limit-
ing SFRtotal/SFRunobscured < 12.5 is consistent with the
corresponding expected ratio (∼ 5) from Whitaker et al.
(2017) for a star-forming galaxy of this stellar mass on
the main sequence at z ∼ 2− 2.5.
4. DISCUSSION
Our observations have targeted massive (M∗ > 109.5 M)
high-z GRBs (z ∼ 2 − 3.5) with high-resolution and
high SNR rest-frame UV afterglow spectra (i.e. a rest-
frame UV-bright afterglow). The results presented
here, in concert with previous observations for the
so-called ‘dark’ GRBs (rest-frame UV/optically dark
afterglows; Perley et al. 2013, 2015; Greiner et al. 2016),
show that the fraction of dust-obscured star formation
(SFRobscured/SFRtotal) in most of the GRB hosts (even
at z > 2) is less than 90% (with a few exceptions such as
GRB 090404; Perley et al. 2013). There is no evidence
for extreme dust obscuration in the star-forming regions
of GRB host galaxies, within the uncertainties of the
radio flux−SFR relation. This result is summarized in
Figures 4 and 5.
The two best-constrained cases of GRB 021004 (z =
2.323) and GRB 080810 (z = 3.35) show that the radio-
based total SFR . 2 × UV-based unobscured SFR. Fur-
ther, the ratio of total-to-unobscured SFRs for these
GRB hosts is significantly smaller than the correspond-
ing ratio for the star-forming galaxies on the main se-
quence (Whitaker et al. 2017).
Particularly, GRB 021004 provides a striking exam-
ple of lack of significant dust obscuration in the central
region of a star-forming galaxy at z > 2, given that
the separation of the GRB from the galaxy centroid is
only 119 pc (Chen 2012). The sightline extinction, de-
rived from the afterglow is also small (AV = 0.2± 0.02
mag.). Two possible scenarios can explain these results:
a) the GRB occurred in a locally dusty cloud but glob-
ally, the host galaxy lacks significant amount of dust.
The low sightline extinction would then imply that the
burst occurred along a clear sightline within its star-
forming cloud. b) the GRB occurred in a star-forming
region which has cleared the dust from past star forma-
tion and the overall galaxy also lacks significant amount
of dust. The GRB sightline would then be a represen-
tative sightline. Similarly, for GRB 080810 (z = 3.35),
the deep radio limit suggests that the overall star forma-
tion activity in this GRB host is not heavily obscured by
dust, and possibly even less obscuration than the star-
forming main sequence at z = 3.35 (Speagle et al. 2014;
Whitaker et al. 2017).
The limits in our observations are 3 times deeper than
the previous limits on the SFR at z > 2 (Perley et al.
2015), and thus provide tighter constraints on whether
GRB hosts at these redshifts are more likely to be dusty
starburst galaxies or not. The results from our limited
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Table 2. Summary of GRB host properties
GRBa z
log(NHI)
a
(cm2)
M∗
(M)
SFRUV
(M yr−1)
SFRRadio
b
(M yr−1)
SFRtotal
SFRUV
021004 2.323 19.00 ± 0.2c 10.2 ± 0.18g 40 ± 10 < 85 < 2.1
080310 2.427 18.80 ± 0.1d 9.78 ± 0.2h < 5 < 180 −
080810 3.35 17.5 ± 0.15e 10.24± 0.1h 102 ± 48 < 235 < 2.3
121024A 2.298 21.5 ± 0.1f 9.9+0.2−0.3f 40 ± 4 < 500 < 12.5
aLyα-derived NHI
b3σ upper limit, cProchaska et al. (2008b), dFox et al. (2008), ePage et al. (2009), fFriis et al. (2015), gSavaglio
et al. (2009), hPerley et al. (2016b)
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Figure 5. The comparison of the radio-derived SFR (tracing
the total SFR) and UV-derived SFR (tracing the dust-unobscured
SFR) as a function of redshift for the four GRBs presented here
(in the foreground), and GRBs in the literature in the background.
P13: Perley et al. (2013) and one data point (GRB 060814) from
Greiner et al. (2016).
sample suggest that the GRBs with UV-bright after-
glows (i.e. optically thin sighltines in UV) at z ∼ 2−3.5
are likely to be star-forming galaxies with SFRs mod-
erately higher (< 5×) than the star-forming main se-
quence (Speagle et al. 2014), but without significant
dust obscuration in their star-forming regions.
However, it is possible that this result only applies
to the GRBs with UV-bright afterglows due to our se-
lection criteria. At the same time, the dust extinction
along a sightline may not necessarily represent the dust
obscuration on a galaxy scale, for optically thin as well
as optically thick sightlines (in UV). More radio obser-
vations of GRB hosts at z > 2 with a depth at least
2 × SFRUV are necessary to confirm this hypothesis.
This is required for GRBs with UV-bright afterglows as
well as with UV/optically dark afterglows to rule out
any selection bias based on the line-of-sight extinction.
5. SUMMARY
If the GRBs are unbiased tracers of star formation
at high redshifts (z > 2), then we should expect that
a large fraction of GRB hosts are highly dust-obscured
starbursting galaxies, since these are well known to be
major contributors to the cosmic star formation at high
redshifts. The goal of our study was to investigate the
galaxy-scale dust obscuration in the GRB hosts with op-
tically thin sightlines in the UV. We conducted deep ra-
dio observations of a subset of four massive (M∗ > 109.5
M) GRB hosts at z > 2 for which high signal-to-
noise (typical SNR ∼ 10) and high-resolution (∆v <
50 km s−1) rest-frame UV spectra of the afterglow are
available. The selected targets are GRB 021004, GRB
080310, GRB 080810, and GRB 121024A. We measured
the total SFR (= obscured + unobscured SFR) of the
hosts using VLA C-band observations and compared
them against the unobscured component of the SFR,
measured from UV-optical photometry. The depth of
the radio observations in this study has allowed us to put
tight constraints on the ratio of the total-to-unobscured
SFRs (SFRtotal/SFRunobscured).
We find that the radio-based star formation rates are
in general not substantially higher than those obtained
from the optical/UV measurements. Thus, the frac-
tion of total star formation that is obscured by dust
(SFRobscured/SFRtotal) in most of the GRB hosts, even
at z > 2, is less than 90%. Particularly, for the two
best-constrained objects, GRB 021004 (z = 2.323) and
GRB 080810 (z = 3.35), we find that the upper limit
of the radio-based ‘total SFR’ is less than twice the
UV-based ‘unobscured SFR’ of the GRB hosts (thus,
SFRobscured/SFRtotal < 50%). Our results suggest that
the dust obscuration in the star-forming regions of these
galaxies is small, and sometimes (e.g. for GRB 021004
and GRB 080810) even smaller than the dust obscura-
tion seen in typical main-sequence star-forming galaxies
at these redshifts.
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The present upper limits on the radio-based SFRs pre-
vent us from determining where the GRB host popu-
lation lies with respect to the main sequence of star-
forming galaxies at z > 2. Deeper radio observations
to a depth of 2 × SFRUV are required to answer this
question.
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